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Pb2+ and Fe3+ coprecipitation was studied with sorption edge measurements, desorption experiments, sorbent aging, High
Resolution Transmission and Analytical Electron Microscopy (HR TEM–AEM), and geochemical modeling. Companion
adsorption experiments were also conducted for comparison. The macroscopic chemical and near atomic scale HRTEM data
supplemented our molecule scale analysis with EXAFS (Kelly et al., 2008). Coprecipitation of Pb2+ with ferric oxyhydroxides
occurred at pH 4 and is more eﬃcient than adsorption in removing Pb2+ from aqueous solutions at similar sorbate/sorbent
ratios and pH. X-ray Diﬀraction (XRD) shows peaks of lepidocrocite and two additional broad peaks similar to ﬁne particles
of 2-line ferrihydrite (2LFh). HRTEM of the Pb–Fe coprecipitates shows a mixture of 2–6 nm diameter spheres and 8–20 by
200–300 nm needles, both uniformly distributed with Pb2+. Geochemical modeling shows that surface complexation models
ﬁt the experimental data of low Pb:Fe ratios when a high site density is used. Desorption experiments show that more Pb2+
was released from loaded sorbents collected from adsorption experiments than from Pb to Fe coprecipitates at dilute EDTA
concentrations. Desorbed Pb2+ versus dissolved Fe3+ data show a linear relationship for coprecipitation (CPT) desorption
experiments but a parabolic relationship for adsorption (ADS) experiments.
Based on these results, we hypothesize that Pb2+ was ﬁrst adsorbed onto the nanometer-sized, metastable, iron oxyhydrox-
ide polymers of 2LFh with domain size of 2–3 nm. As these nano-particles assembled into larger particles, some Pb2+ was
trapped in the iron oxyhydroxide structure and re-arranged to form solid solutions. Therefore, the CPT contact method pro-
duced more eﬃcient removal of Pb2+ than the adsorption contact method, and Pb2+ bound in CPT solids represent a more
stable sequestration of Pb2+ in the environment than Pb2+ adsorbed on iron oxyhydroxide surfaces.
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3 Present address.geological systems are often regulated by iron cycling
(Krauskopf, 1956; Jenne, 1968; Davis and Kent, 1990). Iron
oxyhydroxides occur widely in surﬁcial and subsurface geo-
logical environments, and even though they may constitute
a minor fraction of the bulk rock, soil, or sediment, they are
eﬃcient scavengers of trace metals and radionuclides
(Jambor and Dutrizac, 1998). However, the mechanisms
by which trace elements are sorbed onto iron oxyhydroxides
in pristine and anthropogenically impacted geological
systems are not well known. Knowledge of sorption mecha-
nisms is nevertheless central to both developing quantitative
partitioning models that serve as a theoretical basis for the
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chemical reactions, and to predicting contaminant transport
and stability in geological media.
Presence of lead (Pb2+) in the environment has severe
adverse eﬀects on human health, particularly for infants
and young children (Nriagu, 1992). Also, the study of lead
isotopes is of great interest to geologists. Possible mecha-
nisms in controlling lead concentrations in aqueous solutions
include solubility, surface adsorption, surface precipitation,
and coprecipitation (CPT). Coprecipitation is often referred
to as the simultaneous removal of a trace constituent, to-
gether with a carrier constituent, from a homogeneous
aqueous solution. However, the mechanism of coprecipita-
tion is poorly understood. The term coprecipitation is loosely
used in a phenomenological sense, alluding to the century-
old observation that trace constituents, often metals, are
eﬃciently removed together with a major constituent from
a homogeneous aqueous solution.
In the following discussion, “coprecipitation experi-
ments” refers to the design in which the tracer (e.g., Pb2+)
is present in the solution when the carrier ion (e.g., Fe3+)
hydrolyzes and precipitates to form hydrous oxides. In
“adsorption experiments” (ADS), the tracer is added to a
suspension of already precipitated and aged (typically for
a period of a few hours to a few days) hydrous oxides of
the carrier ion (e.g., ferrihydrite). The term “sorption” re-
fers to all processes that transfer an ion from the aqueous
phase to the solid phase (Sposito, 1984), without reference
to speciﬁc processes (e.g., CPT or ADS).
Many geological, environmental, and industrial systems
resemble base titration as in our CPT experiments described
below. For example, when acid mine drainage loaded with
ferric iron and metals is mixed with neutral surface and
ground water or reacted with calcite in soils, sediments,
and aquifers, Fe3+ and trace metals are simultaneously
coprecipitated. Iron oxidation/precipitation may prevail in
natural aquatic environments, and thus trace metals are
also likely coprecipitated.
Although numerous Pb2+adsorption experiments have
already been conducted (e.g., Gadde and Laitinen, 1973;
Kinniburgh et al., 1976; Swallow et al., 1980; Balistrieri
and Murray, 1982; Hayes and Leckie, 1986; Rose and
Bianchimosquera, 1993; Lutzenkirchen, 1997; Trivedi
et al., 2003), studies of coprecipitation are scarce and spo-
radic (e.g, Ford et al., 1997, 1999; Martinez and Mcbride,
1998, 2001). Pokrovsky et al. (2006a,b) studied coprecipita-
tion of heavy metals including Pb with natural Fe oxy(-
hydr)oxides colloids and Ge coprecipitation with solid Fe
oxy(hydr)oxides and its aging. Direct comparison of Pb
ADS and CPT contact methods are even scarcer (Schultz
et al., 1987). However, it is important to compare the
CPT and ADS methods for the following reasons.
First, sorption behaviors for some metals are diﬀerent
when they are prepared using the CPT or ADS “contact
method”. Previous work shows that sorption isotherms
and sorption pH edges prepared with ADS and CPT exper-
imental procedures are appreciably diﬀerent for Cu2+ sorp-
tion onto hydrous iron and aluminum oxides (Karthikeyan
et al., 1997, 1999). As5+ sorption onto ferrihydrite, and
Ni2+ and Cr3+ sorption onto hydrous iron oxides(Crawford et al., 1993) show similar patterns for ADS
and CPT, with coprecipitation being the more eﬃcient
process for metal removal from aqueous solutions. CPT
sorption edges are located up to 2.6 pH units lower on
the uptake-pH diagrams. At the same sorbate/sorbent ra-
tio, metal uptake is enhanced in CPT systems as compared
to the ADS system (Charlet and Manceau, 1992; Waychun-
as et al., 1993; Karthikeyan et al., 1997). However, to illus-
trate the complexity of the metastable system and metal
speciﬁc nature, CPT and ADS sorption edges with Zn2+
on iron oxyhydroxide (Crawford et al., 1993) and Cu2+
on hydrous aluminum hydroxide (Karthikeyan et al.,
1997) show no appreciable diﬀerences, and contradictory
experimental results for CPT–ADS have been found for
Cu2+ sorption onto iron oxyhydroxide (Swallow et al.,
1980; Karthikeyan et al., 1997).
Second, whether or not CPT represents a more perma-
nent sequestration of toxic metals from the environment
into iron oxyhydroxide than ADS is an important question.
The ﬁrst iron oxyhydroxide to be precipitated from aque-
ous solution is commonly ferrihydrite, a poorly ordered
and metastable phase, which will subsequently transform
to highly ordered phases (e.g., goethite and hematite) over
time (Cornell and Schwertmann, 1996). The transformation
of metal–ferrihydrite coprecipitates to more ordered phases
may lead to structural incorporation of sorbed metals (see
summary in Cornell and Schwertmann, 1996), resulting in
apparent irreversible sorption or desorption hysteresis.
This paper follows our earlier report on the EXAFS
study of the structure of the coprecipitated Pb onto nano-
particles of iron oxyhydroxides (Kelly et al., 2008), and pre-
sents companion laboratory experiments of sorption and
desorption of Pb2+ onto iron nano-particles with CPT
and ADS contact methods, High-Resolution Transmission
and Analytical Electron Microscopy (HR TEM–AEM),
and a geochemical modeling study of coprecipitation of
Pb2+ with ferric iron. EDTA extraction experiments permit
comparison of the strength of Pb association with nano-
particles of iron oxyhydroxides from the ADS and CPT
experiments. To investigate the relative stability of sorbed
Pb in the environment, sorbents from both ADS and
CPT experiments were aged at 60 C for 14 days and at
90 C for 24 h. Desorption experiments were conducted
again on aged solids at 60 C. Finally, we attempt to inte-
grate sorption edge measurements with advanced electron
microscopy. The macroscopic chemistry data covering a
wide range of conditions was used to supplement the molec-
ular scale EXAFS and HRTEM data, elucidating the Pb–
Fe coprecipitation mechanism, and developing a quantita-
tive model for the partitioning of Pb2+ between aqueous
solution and iron oxyhydroxides.
2. MATERIALS AND METHODS
2.1. Reagents
All reagents came fromFisher Scientiﬁc, andwere of ana-
lytical grade. Fe–Pb solutions was made from ferric nitrate
(Fe(NO3)39H2O, purity 99.1%) and lead nitrate. All solu-
tions were prepared in a 10 mM KNO3 background electro-
Pb–Fe coprecipitation 4549lyte solution. Laboratory plastic-ware was washed ﬁrst with
a nitric acid solution and then with deionized water.
2.2. Synthesis of 2-line ferrihydrite
Two-line ferrihydrite was prepared using the modiﬁed
procedure of Schwertmann and Cornell (1996). One gram
Fe(NO3)39H2O was dissolved in 12.5 mL deionized water.
Bubbling of N2 was used to prevent the possible inﬂuence
of atmospheric CO2 and to agitate the solution. The pH
of the solution was measured using an Accumet AB15 plus
pH meter, calibrated with buﬀers (pH 4, 7, and 10). 1 M
KOH was added cumulatively into the vessel until pH
was 7–8. The gel produced was centrifuged and washed
with deionized water ﬁve times. The gel was then re-sus-
pended in a media of 250 mL deionized water by ultra-son-
iﬁcation for 10 min and magnetic stirring for 20 min. The
suspended ferrihydrite was aged for 48 h in closed vessels
on an orbital shaker. The freshly prepared gel was used
within 2 days for ADS studies. The formation of synthetic
2-line ferrihydrite was conﬁrmed with X-ray diﬀraction
(XRD) analysis as shown in the XRD results section.
2.3. ADS experiments
An aliquot of 500 mL suspended ferrihydrite was used to
prepare two batches of solutionwith diﬀerent concentrations
of Pb, i.e., Batch A (5.25 mM Fe, 0.37 mM Pb, and 10 mM
KNO3) and Batch B (5.43 mM Fe, 0.70 mM Pb, and
10 mMKNO3). Fe and Pb concentrations of the initial solu-
tions were conﬁrmed with a Perkins Elmer 5000 ﬂame and
graphite furnace Atomic Adsorption Spectrometer (AAS).
A 50-mL aliquot of the solution (ferrihydrite suspension
with the presence of Pb) was transferred into a 150-mL
high-density polypropylene jar. While stirring the solution
vigorously (using Teﬂon coated magnetic stir bar), 1 M
KOH was injected into the vessel with the rate of
0.1 mL/min while pH values were continuously moni-
tored. The relatively slow titration rate and vigorous stir-
ring are used to avoid artifacts due to localized high
alkalinity during titration as suggested by Martinez and
McBride (1998). When the pH approached the target value
(ranged from 4 to 6), a few drops of 0.1 M KOH were used
to reach the desired pH value. The samples were placed on
an orbital shaker for 24 h after which time the pH was re-
measured. Measurements at every subsequent hour, up to
100 h, showed that solution pH had stabilized after 24 h.
2.4. CPT experiments
Three batches of solution with diﬀerent concentrations
of Pb were prepared. They are Batch C (6.27 mM Fe3+,
0.10 mM Pb2+, and 10 mM KNO3), Batch D (5.77 mM
Fe3+, 0.37 mM Pb2+, and 10 mM KNO3) and Batch E
(6.77 mM Fe3+, 0.73 mM Pb2+, and 10 mM KNO3). The
Fe and Pb concentrations of initial solutions were con-
ﬁrmed with AAS analysis.
A 50-mL aliquot of the solution was transferred into a
150-mL high-density polypropylene jar. While stirring the
solution vigorously (using a Teﬂon coated magnetic stirbar), 1 M NaOH solution was injected into the vessel with
the rate of 0.1 mL/min while constantly recording the pH.
When the pH approached the target value, a few drops of
0.1 M NaOH were added to reach the desired pH. The sam-
ples were put on an orbital shaker for 24 h after which time
the pH was re-measured.
2.5. Solid–liquid separation
The solids were separated by centrifugation at a maxi-
mum relative centrifugal force of 4000 (RCF, g-force) for
45 min and the liquid supernatant decanted. Precipitates
were immediately transferred into capped vials in ethyl
alcohol to prevent further reaction before XRD and TEM
measurements, which were performed within 1–3 weeks.
All supernatants were ﬁltered through a 0.22 micron cellu-
lose membrane ﬁlter connected to a 20 mL polypropylene
syringe. The receiving vessel was an air-tight polyethylene
centrifugation tube connected to a vacuum pump.
2.6. Extraction (desorption) experiments
Room temperature (22 C) and high temperature
(60 C) extraction experiments were conducted using ethyl-
enediaminetetra acetic acid (EDTA) to compare the
strength of Pb association with nano-particles of iron oxy-
hydroxides in both the ADS and CPT experiments (loaded
sorbents were all from pH 6 experiments and aged for 24 h).
To calculate Pb loading, the Pb remaining in the superna-
tant after conclusion of the CPT and ADS experiments
was measured and subtracted. The diﬀerence between initial
Pb and Pb found in supernatant was regarded as the total
Pb in subsequent extraction experiments.
For desorption experiments of aged sorbents, the con-
tainers with solids for high temperature extraction experi-
ments were immersed in a water bath (60 C) and aged
for 14 days or 90 C for 24 h. An aliquot of 80 mL EDTA
solution (with diﬀerent EDTA concentration) was added to
the bottles. The suspension was agitated with an orbital
shaker for the designated time. After the extraction or
desorption experiments, solid and liquid were separated
again according to procedures described in Section 2.5.
2.7. Analytical methods
The liquid supernatant was measured for its pH, and
was acidiﬁed using concentrated ultrapure HCl. These solu-
tions were analyzed for Fe and Pb using a Perkins Elmer
5000 ﬂame and graphite furnace AAS (following EPA
method 200.7) or a Thermo Jarrell Ash ICAP 61E ICP-
MS (following EPA method 200.8). All supernatants were
stored at 4 C until analysis.
The solid specimens were prepared for examination by
High-Resolution Transmission Electron Microscopy
(HRTEM) ﬁrst by ultra-sonication in ethyl alcohol to re-
suspend the particles. Then the suspension was pipetted
onto a holey-carbon ﬁlm supported by a copper-mesh
TEM grid, and air-dried. To prevent transformation during
ultra-sonication, the vessel with the suspension of coprecip-
itates and ethyl alcohol was cooled in water.
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served with a Philips FEI Tecnai F20 TEM/STEM with a
point-to-point resolution of 0.24 nm, and equipped with a
Gatan Imaging Filter (GIF) and Energy Dispersive X-ray
(EDX) detector, and a JEOL 4000EX with a point-to-point
resolution of 0.17 nm, with a Gatan Imaging Filter. The
Philips FEI Tecnai F20 TEM/STEM was used for energy-
ﬁltered imaging and microanalysis. The JEOL 4000EX
HRTEM was used to obtain the highest possible lattice
imaging resolution.
XRDanalysis of the Pb–Fe coprecipitates was carried out
using a Bruker D8 Advance X-ray powder diﬀractometer
(Cu Ka radiation), equipped with a solid-state energy-dis-
criminating detector. The scan parameters used were
10.010–80 2h, with a step size of 0.02 2h. The samples were
prepared for analysis by dispersing the precipitates in ace-
tone to form a thick suspension. This suspension was depos-
ited on a zero background silicon single crystal plate and air
dried at room temperature before collecting the XRD scans.
Samples after ADS and CPT, and a sample of synthetic
2-line ferrihydrite (as a base line) were particularly prepared
to evaluate phase changes when aging at an elevated tem-
perature. Samples were aged 24 h at 95 C and 14 d at
60 C in a water bath before XRD analysis.
3. EXPERIMENTAL RESULTS
3.1. Sorption edges in coprecipitation and adsorption
experiments
The experimental conditions in this study are summa-
rized in Table 1. The aqueous solution chemistry data from
pH titration experiments are depicted in Figs. 1–4. Both the
conventional pH sorption edge diagrams (Figs. 2a and 3a)
and the concentration versus pH diagrams (Figs. 2b and 3b)
are insensitive in portraying part of the sorption edges. The
former is insensitive in the high pH range where metals
sorption is near 100% (Karthikeyan et al., 1997), and the
latter is insensitive in the low pH range where only a small
percentage of metals are sorbed. Hence, it is instructive to
plot both diagrams. The sigmoidal sorption edges of Pb,
characteristic of transition metal sorption, occurred be-
tween pH 4 and 6 (Figs. 1–3). Although the Fe data
are somewhat scattered, as is typical of Fe3+ experiments,
it is clear that in CPT experiments most Fe3+ precipitatedTable 1
Titration experimental conditions.a
HFO
(g/L)
Fe
(mM)
Pb
(mM)
Fe:Pb
total
Total strong
sites (mol)b
Batch Ae 0.47 5.25 0.37 1:0.07 2.62  105
Batch Be 0.48 5.43 0.70 1:0.13 2.72  105
Batch C 0.56 6.27 0.10 1:0.02 3.14  105
Batch D 0.51 5.77 0.37 1:0.06 2.89  105
Batch E 0.6 6.77 0.73 1:0.11 3.39  105
a All studies used Fe(NO3)3 and Pb(NO3)2 with a background solution
b Total strong sites were calculated with 0.005 sites/mol (Dzombak and
c Total weak sites were calculated with 0.2 sites/mol (Dzombak and M
d Surface loading = (Total Pb concentration)/(Total strong sites + Tota
e Ferrihydrite gel aged for 48 h subsequently used for adsorption studi
f A sample of pH 6 is prepared for TEM study and another of pH 5.2between pH 3 and 4 (Fig. 4) before Pb2+ was removed from
the aqueous solution. We noticed the apparent sorption
of < 20% at pH lower than 4 (Fig. 1). This phenomenon
has been observed previously in Pb2+ adsorption experi-
ments (reviewed by Trivedi et al., 2003).
Although our three batches of CPT experiments diﬀer in
sorbate/sorbent ratios almost by ten folds, they have over-
lapping pH sorption edges (Fig. 1). In contrast, in the com-
panion ADS experiments, an increase of sorbate/sorbent
ratios displaced the sorption edge to higher pH (Fig. 3), a
characteristic of surface complexation (Dzombak and
Morel, 1990).
It appears that our coprecipitation experiment with a
higher Pb:Fe ratio (i.e., Batch E, Pb:Fe ratio of 0.11:1.0) re-
moved percentages of Pb2+ from aqueous solution higher
than that of ADS experiment with a similar Pb:Fe ratio
(Batch B, 0.13:1.0). Therefore, CPT is more eﬃcient than
ADS in removing Pb2+ from aqueous solutions at similar
sorbate/sorbent ratios (Fig. 1). Moreover, the disparity of
removal eﬃciency between CPT and ADS at similar
sorbate/sorbent ratios increases at higher surface loading
(Table 1, Fig. 1).
3.2. X-ray diﬀraction data
XRD patterns of precipitates from CPT experiments
show a mixture of lepidocrocite and two additional broad
peaks at a d-spacing of 0.154 and 0.27 nm, respectively
(Fig. 5). These two broad peaks are similar to those of syn-
thetic and natural 2-line ferrihydrite (2LFh, Cornell and
Schwertmann, 1996). The formation of lepidocrocite is likely
due to the exclusion of CO2. Lepidocrocite is favored to form
in the absence of carbonate. In the presence of CO2, however,
goethite will form over lepidocrocite (Schwertmann and
Taylor, 1972a,b; Schwertmann and Fitzpatrick, 1977;
Schwertmann and Cornell, 1991; Cornell and Schwertmann,
1996). Lepidocrocite is relatively metastable with respect to
its polymorph of goethite but the transformation to goethite
is extremely slow at ambient temperature (Cornell and
Schwertmann, 1996). TheXRD identiﬁcations are consistent
with TEM observations (see below).
Ferrihydrite, a common iron oxyhydroxide in waters,
sediments, soils, mine wastes and acid mine drainage acts
as an eﬃcient scavenger for trace metals (including Pb2+)
and radionuclides (Jambor and Dutrizac, 1998) due to itsTotal weak
sites (mol)c
Surface
loading (%)d
pH Eq time
(hr)
Contact
method
1.05  103 35 4–6 24 ADS
1.09  103 65 4–6 24 ADS
1.25  103 8 2.3–7 24 CPT
1.15  103 31 2.3–7 24 CPT
1.35  103 53 2.3–7f 30 CPT
10 mM KNO3.
Morel, 1990).
orel, 1990).
l weak sites).
es within a further 48 h.
5 is for EXAFS study.
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Fig. 1. Comparison of adsorption (Batches A and B) with
coprecipitation experiments (Batches C, D, and E). 10 mM
KNO3 as background solution. Total Fe concentration varies
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Fig. 2. Comparison of model calculations with experimental
results. Solid symbols are results from CPT experiments. Experi-
mental conditions are listed in Table 1. The lines were calculated
with solid solution models. The circled point is the sample for
EXAFS analysis reported by Kelly et al. (2008).
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Fig. 3. Comparison of model calculations with experimental
results. Symbols are results from ADS experiments. Experimental
conditions are listed in Table 1. The lines were calculated with the
model parameters from Dzombak and Morel (1990).
Pb–Fe coprecipitation 4551high speciﬁc surface area and reactivity (Dzombak and
Morel, 1990; Cornell and Schwertmann, 1996). Ferrihydrite
is commonly identiﬁed as “two-line” or “six-line” on the
basis of the number of poorly deﬁned, broadened maxima
observed in XRD patterns (Cornell and Schwertmann,
1996). However, the latest literature suggests a single
nano-crystallinity phase (Michel et al., 2007a,b). The do-
main sizes ranged from 2 to 6 nm (Michel et al., 2007a,b),
which is consistent with the TEM results of this study
(see below).
XRD patterns of precipitates from CPT and ADS exper-
iments aged at 60 C for 14 d and 95 C for 24 h were com-
pared with synthesized 2-line ferrihydrite aged at both 95
and 22 C for 24 h (Fig. 6), to investigate the phase trans-
formation of precipitates during aging at elevated tempera-
tures. Synthesized 2LFh aged 24 h at 22 C is shown for
comparison. Synthesized 2LFh aged at 95 C for 24 h
shows a signiﬁcant phase transformation from nano-
crystalline ferrihydrite to crystalline goethite and hematite
(Fig. 6). For solids from CPT and ADS experiments, the
transformation from lepidocrocite and nano-crystalline
ferrihydrite (Fig.5) to goethite and hematite seems to be re-
tarded compared with synthesized 2LFh aged at the same
temperature (Fig. 6). Goethite formation seems to be
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Fig. 4. Comparison of Fe3+ solubility data (symbols) with mod-
eling calculations (lines). The solubility constant for amorphous
Fe(OH)3 was from Wagman et al. (1982). Equilibrium constants of
Fe3+ hydrolysis were from Nordstrom et al. (1990). Speciation
calculation shows that Fe3þ–NO3 complexes were not signiﬁcant
during all experiments (equilibrium constant of Fe(NO3)2 from
Wagman et al. (1982)). Numerical experiments show that change of
the log K for iron oxyhydroxide does not change subsequent
adsorption modeling.
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for 14 d and 95 C for 24 h. The retardation of phase trans-
formation due to the presence of foreign ion impurity at the
crystal growth site was also noted in Walton (1967). Way-
chunas et al. (1993) found that the presence of arsenate ions
poisoned the surface of precipitating HFO, disrupting the
normal crystallization process. Signiﬁcant amounts of
2LFh remained in the Pb–Fe coprecipitates aged at 60 C
for 14 d (Fig. 6) and even more 2LFh was retained in solids
from the ADS experiments. This may explain the phenom-
enon that Pb and Fe are easier to be extracted from solids
from the ADS experiments than Pb–Fe coprecipitates after
aging for 14 d at 60 C.
3.3. High Resolution Transmission and Analytical Electron
Microscopy
High-Resolution Electron Microscopy of the solids from
the CPT experiments (22 C) shows two types of particles.The ﬁrst type is spherical, with diameters ranging from 2
to 6 nm; the majority of the spheres being about 5 nm in
diameter (Fig. 7). Fast Fournier Transformation (FFT) of
the images (inset in Fig. 7) shows several d-spacings,
whereas 2LFh have mainly two intense rings (Janney
et al., 2000). These TEM results argue for a distorted
2LFh as compared to pure iron 2LFh.
In addition to the small, spherical particles, dendrites or
needle particles are also present. The needles are 8–20 nm
across by 200–300 nm long, and are crystalline. High-reso-
lution images show that the needles are composed of multi-
ple domains 2–3 nm across (Fig. 8). FFT analysis of the
image shows that the lattice of these small domains are par-
allel but slightly oﬀset, suggesting that alignment is the
mechanism of aggregation during crystal growth (Banﬁeld
et al., 2000; Penn et al., 2001).
No additional phases other than the iron oxyhydroxides
mentioned above were found even though we examined
many view ﬁelds and hundreds of particles. From this, we
conclude that mechanical occlusion of ﬁne particles (e.g.,
PbO, Pb(OH)2, PbCO3) is unlikely to be the dominant
mechanism of coprecipitation in our CPT experiments. It
has been suspected that lead hydroxide may form as an arti-
fact of localized high pH in the reactor during titration
(Martinez and Mcbride, 1998), but TEM data show that
this does not occur in our experiments. Geochemical mod-
eling predicted, at high surface coverage, e.g.,>10%, that
Pb2+ may form a surface precipitate, which resembles a so-
lid solution (Farley et al., 1985). In our Batch E experi-
ments, the Fe:Pb molar ratio is 1:0.11. When all the Pb2+
is sorbed, about 53% of the surface sites are covered with
Pb2+, according to the surface site densities recommended
by Dzombak and Morel (1990). However, high-resolution
lattice images of our samples do not show a distinctly diﬀer-
ent phase at the edges of the particles (Figs. 7 and 8).
STEM/EDX analysis shows that the clusters contain Fe,
O, and Pb, with a ratio of Pb to Fe close to that from the
mass balance of solution chemistry in the samples exam-
ined. Over 50 EDX spectra also showed no Pb-concen-
trated areas, indicating that the Pb is homogeneously
distributed (Fig. 9). The probe size for the analysis was
0.5 nm at 1 nA of beam current, but the specimen prepara-
tion did not completely separate the individual grains and
therefore most analyses sampled overlapped particles.
3.4. Desorption experiments at room temperature
The amount of Pb2+ extracted from the Pb-loaded sor-
bents increased rapidly with increasing strength of EDTA
at low EDTA concentrations for 1 h contact time, but lev-
eled oﬀ at an EDTA concentration of > 0.003 M. Signiﬁ-
cantly more Pb2+ was extracted from the sorbents used in
the adsorption experiments than Pb–Fe coprecipitates when
the concentrations of EDTA are less than 0.002 M
(Fig. 10). Caution must be exercised regarding potential
underestimation of the reported fraction of Pb or Fe ex-
tracted/dissolved in extraction experiments because of pos-
sible loss of solids during separation.
Pb2+ may be desorbed from the sorbents by both form-
ing EDTA–Pb2+ aqueous complexes and by dissolving the
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Pb–Fe coprecipitation 4553iron oxyhydroxides substrate. Therefore, the relationship
between dissolved Fe3+ and Pb2+ is indicative of incorpora-
tion mechanisms for Pb2+ in the sorbents. Fig. 11 shows a
linear relationship between the Pb extracted and Fe dis-
solved for CPT solids with EDTA concentrations between
0.0003 and 0.01 M and a contact time of 1 h, but a para-
bolic relationship for ADS solids. The diﬀerent patterns
of Pb versus Fe relationships for ADS and CPT suggest
that ADS and CPT are controlled by diﬀerent mechanisms.
Calculations (Appendix A) show that a 6-nm particle(assuming perfect periodic stacking) has 20% of Fe atoms
at the surface. About 90% of Pb was extracted when only
about 15% of Fe was dissolved for sorbents from ADS
experiments. This indicates that Pb is mainly bound to
the sorbent surfaces. In contrast, dissolution of the same
amount of Fe only released about half the solid-bound
Pb2+ into the solution, suggesting that surface bounding
is not the principal mechanism for CPT contact method
(Fig. 11). If enhanced Pb removal by the CPT method
was simply attributable to an increase in surface area or site
Fig. 7. HRTEM image of Fe3+ and Pb2+ coprecipitates with
spherical shape. Each particle is a single crystallite. Patterns are
lattice images.
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compared to the solids from the ADS system.
3.5. Extraction experiments after the sorbents were aged at
elevated temperature (60 C)
Fig. 12 shows the results of extraction experiments after
the sorbents were aged at 60 C for 14 days. As shown pre-
viously, XRD patterns show that the aged sorbents are a
mixture of goethite, hematite, and 2LFh. The fractions of
Pb desorbed in the ADS case increase parabolically with
increasing EDTA concentrations and leveled oﬀ at fractions
0.6. The desorbed Pb2+ also increases parabolically with
increasing Fe concentrations (Fig. 12b). These results indi-
cate that Pb2+ was mainly associated with the outer layer in
the aged solids of ADS. For aged sorbents from CPT exper-
iments, there are much weaker correlations between Pb2+
concentrations and Fe concentrations.Fig. 8. HRTEM image of Pb2+ bearing iron oxyhydroxide needle. (a) and
with slightly diﬀerent orientations. Black arrows indicate the orientation o
tip of a Pb-bearing iron oxyhyroxide needle. The FFT image shows two b
similar but slightly diﬀerent orientations.Even with increasing EDTA concentrations, about 40–
50% of Pb was retained with the CPT solids (residual) after
the extraction experiments. This coincides with the leveling(b) HRTEM images. The tip of the needle is composed of domains
f lattice images; and (c) fast Fourier transform (FFT) images of the
road spots (white arrows), suggesting that each small domain has a
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Pb–Fe coprecipitation 4555oﬀ of dissolved Fe concentrations—crystalline goethite and
hematite do not dissolve more with increasingly concen-
trated EDTA solutions (Fig. 12a). This correlation between
Pb and Fe may suggest that Pb might be partly incorpo-
rated into the hematite and goethite structure. In theprocesses of transformation to more ordered structures
(e.g., hematite or goethite), part of the Pb may be expelled
from the inside of the Fe structure and become mobile
again (Ford et al., 1997). This explains why 50% of Pb
was easily be extracted even at low EDTA concentration
(0.0003 M).
4. GEOCHEMICAL MODELING
We evaluated whether surface complexation models and
solid solution models can ﬁt the experimentally measured
sorption edges. The geochemical modeling code PHREEQC
(Parkhurst and Appello, 1999) was used for the simulation.
The standard states for the solids are deﬁned as unit activity
for pure solids at the temperature and pressure of interest.
The standard state for water is the unit activity of pure
water. For aqueous species other than H2O, the standard
state is the unit activity of the species in a hypothetical
one molal ideal solution referenced to inﬁnite dilution at
the temperature and pressure of interest. Standard states
for the surface sites are the unit activity of a completely
unsaturated surface at the pressure and temperature of
interest and for surface species, the unit activity on a com-
pletely saturated surface with zero potential with reference
to inﬁnite dilution at the P, T of interest (Sverjensky, 2003).
The thermodynamic properties used in the simulations are
listed in Table 2.
4.1. Surface complexation models (SCM)
The generalized diﬀuse layer model (Dzombak and
Morel, 1990) was used for modeling surface adsorption in
the proposed study. Other electrostatic surface adsorption
models have been proposed (e.g., constant capacitance
and triple layer models) but all electrostatic models can de-
scribe limited experimental sorption data sets (Westall and
Hohl, 1980; Venema et al., 1996). Models that use one site
type generally require more than one complex species (e.g.,
Dyer et al., 2003). Dzombak and Morel (1990) provides a
consistent theory and a large database of self-consistent
surface complexation constants for adsorption on hydrous
ferric oxides. They reviewed Pb2+ adsorption experimental
(ADS) data and developed a two-site model for Pb2+
adsorption, a “weak” site and a “strong” site, through the
reactions:
BFesOHo þ Pb2þ ¼ BFesOPbþ þHþ ð1Þ
BFewOHo þ Pb2þ ¼ BFewOPbþ þHþ ð2Þ
where the symbol “„” denotes the surface site or func-
tional group. Intrinsic surface complexation constants for
reactions (1) and (2), derived from systematic evaluation
of the ADS data by Dzombak and Morel (1990), and
Pb2+ hydrolysis constants are listed in Table 2. Other sur-
face properties are listed in Table 3. The generalized diﬀuse
two-layer model ﬁt our ADS experimental data (Fig. 3)
well. As expected, the SCM predicts shifts of pH sorption
edges with diﬀerent Pb:Fe ratios.
However, the same Dzombak and Morel’s (1990) SCM
model grossly underestimated sorption edges measured in
Table 2
Equilibrium constants used in modeling.
Species Reactions Log K Ref.
Aqueous species
FeOH++ Fe3+ + H2O = FeOH
2+ + H+ 2.19 a
FeðOHÞþ2 Fe3+ + 2H2O = FeðOHÞþ2 + 2H+ 5.67 a
FeðOHÞ3 Fe3+ + 3H2O = FeðOHÞ

3 + 3H
+ 12.56 a
FeðOHÞ4 Fe3+ + 4H2O = FeðOHÞ4 + 4H+ 21.6 a
Fe3ðOHÞ5þ4 3Fe3+ + 4H2O = Fe3ðOHÞ5þ4 + 4H+ 6.3 a
Fe2ðOHÞ4þ2 2Fe3+ + 2H2O = Fe2ðOHÞ4þ2 + 2H+ 2.95 a
PbNOþ3 Pb
2+ + NO3 = PbNO
þ
3 1.17 d
PbOH+ Pb2+ + H2O = PbOH
+ + H+ 7.71 d
Pb2OH
3+ 2Pb2+ + H2O = Pb2OH
3+ + H+ 6.36 d
PbðOHÞ2 Pb2+ + 2H2O = PbðOHÞ

2 + 2H
+ 17.12 d
PbðOHÞ3 Pb2+ + 3H2O = PbðOHÞ3 + 3H+ 28.06 d
PbðOHÞ24 Pb2+ + 4H2O = PbðOHÞ24 + 4H+ 39.70 d
Surface species
Hfo wOHþ2 Hfo_wOH + H
+ = Hfo wOHþ2 7.29 b
Hfo_wO Hfo_wOH = Hfo_wO + H+ 8.93 b
Hfo_sOPb+ Hfo_sOH + Pb2+ = Hfo_sOPb+ + H+ 4.65 b
Hfo_wOPb+ Hfo_wOH + Pb2+ = Hfo_wOPb+ + H+ 0.3/1.23 b
Hfo wOHþ2 Hfo_wOH + H
+ = Hfo wOHþ2 6.43 f
Hfo_wO Hfo_wOH = Hfo_wO + H+ 9.75 f
Hfo_sOPb+ Hfo_sOH + Pb2+ = Hfo_sOPb+ + H+ 2.5 f
Hfo_wOPb+ Hfo_wOH + Pb2+ = Hfo_wOPb+ + H+ 1.0 f
Solid species
Pb(OH)2(c) Pb(OH)2 + 2H
+ = Pb2+ + 2H2O 8.15 d
Fe(OH)3(a) Fe(OH)3(a)+3H
+ = Fe3+ + 3H2O 5.6 c
§PbH(OH)3(s) PbH(OH)2 + 2H
+ = Pb2+ + 3H2O 6.33 e
a: Nordstrom et al. (1990); b: Dzombak and Morel (1990); c: Wagman et al. (1982); d: Ball and Nordstrom (1991); e: retrieved from
experimental data in this study; f: Dyer et al. (2003).
§ Solid solution components.
 Ainsworth et al. (1994).
Table 3
Surface properties for HFO used in this study.
Properties Values
Site density (mol/mol Fe)
Ns
Weak (w) 0.2a 0.9b 0.2c
Strong (s) 0.005a 0.0225b 0.005c
Surface area (m2/g) 600a 600b 600c
Molwt (g/mol) 89a 89b 89c
a Dzombak and Morel (1990).
b Dyer et al. (2003).
c This study for ADS modeling.
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need for diﬀerent, actually stronger, binding constants to
ﬁt their own adsorption experimental data (Ainsworth
et al., 1994; Dyer et al., 2003). Dyer et al. (2003) also
developed a triple layer model, in which they used bidentate
Pb2+ complexes. The increase of the complexation constant
values sharpens the sorption edge and lowers the concentra-
tions of Pb2+, which will move the sorption edge to a lower
pH. As shown below, one hypothesis to explain CPT from
ADS is that CPT represents greater binding strength be-
cause of multiple surface sites. We tested this hypothesis
by increasing the complexation constants for the weak siteto the values proposed by Ainsworth et al. (1994) and Dyer
et al. (2003). However, the SCM still did not ﬁt the CPT
data.
We then increased the site density while keeping a high
complexation constant for the weak site. With a higher site
density Ns (0.9 mol sites/mol Fe versus 0.2 mol sites/mol Fe
for the weak site and 0.0225 versus 0.005 for strong site in
the Dzombak and Morel model), the model matches well
with our lower Pb:Fe ratio experiments (Batches C and
D), but not with the high Pb:Fe ratio experiment (Batch
E) (Fig. 13).
4.2. Solid solution models
Modeling the coprecipitation of 2LFh as a solid solution
formation process is challenging due to the lack of knowl-
edge regarding solid solution stoichiometry. Furthermore,
the stoichiometry of 2LFh is controversial. Recently,
Michel et al. (2007a) proposed a structural formulae of
Fe10O14(OH)2 and the ideal form contains 20% tetrahe-
drally and 80% octahedrally coordinated Fe, which is fur-
ther modiﬁed with a disordered model (Michel et al.,
2010). Our EXAFS work shows that incorporated Pb is
mostly octahedrally coordinated. The EXAFS data also
show that the much larger ionic radius of Pb2+ as compared
to that of Fe3+ shift the Pb2+ octahedral away from the Fe
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Pb–Fe coprecipitation 4557octahedra sheet. Given the lack of solid solution stoichiom-
etry, it is diﬃcult to ﬁt the experimental data to a solid solu-
tion model. Rather, it is more prudent to use solid solution
models to examine the characteristics of pH sorption edges
if this incorporation mechanism is dominant.
For solid solution modeling, we assumed that the precip-
itated iron oxyhydroxide has a nominal formula of Fe(O-
H)3(am) (Dzombak and Morel, 1990). CPT was modeled
as an ideal solid solution. A solid solution model takes
the stoichiometry of
FeðOHÞ3ðsÞ þ 3Hþ ¼ Fe3þ þ 3H2O ð3Þ
PbHðOHÞ3ðsÞ þ 2Hþ ¼ Pb2þ þ 3H2O ð4Þ
Here, we assume that the one-for-one substitution of
Pb2+ for Fe3+ is compensated by an addition of H+ into
the crystalline structure or a replacement of OH for O2
(e.g., Waychunas et al., 2002). When a Henrian standard
state is deﬁned as hypothetical pure PbH(OH)3(s) end mem-
bers of the solid solution with an Fe(OH)3(am) structure,extrapolated from the inﬁnitely dilute solution regions
where Henry’s law is obeyed, and a Raoultian standard
state remains for the Fe(OH)3 end member, the activity
coeﬃcients for both Fe(OH)3 and PbH(OH)3(s) are unity
in the dilute solution regions where Henry’s law is obeyed
for the tracer (Ganguly and Saxena, 1987).
The above solid solution model was used to model our
Fe–Pb CPT experiments. The solid solution model success-
fully predicts the Pb2+ concentrations in the low pH range
(pH < 5) on the concentration – pH diagram (Fig. 2b) but
predict more Pb2+ partitioned into the solid solution than
experimental data at higher pH values (Fig. 2b). The real
beneﬁt of solid solution modeling is the theoretical predic-
tion of invariant pH sorption edges in experiments with dif-
ferent Pb:Fe ratios, regardless of the speciﬁc solid solution
models, as opposed to variant pH sorption edges in the case
of adsorption.
Whether formation of a solid solution can be the domi-
nant coprecipitation mechanism in our experiment can also
be tested with the calculation of the partitioning coeﬃcient
which is deﬁned as,
KD ¼ X Pb
1 X Pb
 
aPb2þ
aFe3þ
ð5Þ
where XPb is the mole fraction of Pb
2+ in the solid solution,
X Pb ¼ MPb=ðMPb þMFeÞ ð6Þ
where M stands for moles of Pb or Fe in solids per kgw of
solution. KD for the three coprecipitation experiments were
calculated and plotted in Fig. 14. Pb mole fractions were
calculated from the mass balance of Pb2+ and Fe3+ re-
mained in solutions at the end of the experiments, and
activities of Pb2+ and Fe3+ were calculated from speciation
modeling.
Combining Eqs. (3) and (4) leads to the overall solid
solution formation reaction,
FeðOHÞ3ss þ Pb2þ þHþ ¼ PbHðOHÞ3ss þ Fe3þ ð7Þ
4558 P. Lu et al. /Geochimica et Cosmochimica Acta 75 (2011) 4547–4561and the corresponding mass action equation,
K7 ¼
aFe3þaPbHðOHÞ3ss
aPb2þaFeðOHÞ3ssaHþ
ð8Þ
The equilibrium constants for reactions (3) and (4) can
be written as,
K3 ¼
aFe3þa
3
H2O
aFeðOHÞ3ssa
3
Hþ
ð9Þ
K4 ¼
aPb2þa
3
H2O
aPbHðOHÞ3ssa
2
Hþ
ð10Þ
and we have the relationship,
K7 ¼ K3=K4 ð11Þ
From the log K values in Table 2, we have
K7 ¼ K3=K4 ¼ 105:6=106:33 ¼ 100:73 ¼ 0:186 ð12Þ
Assuming ideal mixing in the solid solution and substi-
tuting Eq. (5) into Eq. (8), we have,
KD ¼ K7  aHþ ¼ 0:186 aHþ ð13Þ
or
logKD ¼ 0:73 pH ð14Þ
Eq. (14) shows that if solid solution formation is the
dominant mechanism for Pb–Fe coprecipitation, we should
see a linear relationship between log KD and pH. Indeed,
Fig. 14 reveals a linear trend for all three coprecipitation
experiments. However, the slope is not one as in Eq. (14).
That suggests that the nominal chemical stoichiometry we
used for the solid solution in Eqs. (3), (4), and (7) do not
represent the stoichiometry of the solid solution.
Linear regression of log KD versus pH generated a
relationship,
logKD ¼ 2:963 1:643pH ð15Þ
With a R2 = 0.87. The linear relationship in Fig. 14 sup-
ports the solid solution mechanism, and indicates the
involvement of H+ in the substitution. However, the stoi-
chiometry of the solid solution is much more complicated
than the nominal formula. In light of the continued diﬃ-
culty of deﬁning the structure and chemical stoichiometry
of 2LFh (Michael et al., 2010), no further attempt has been
made here to elucidate the stoichiometry of the Pb–Fe solid
solution.
5. DISCUSSION OF PB–FE COPRECIPITATION
MECHANISMS
Laboratory studies have shown that for some systems
macroscopic sorption behaviors (including pH-dependent
sorption edges and extent of uptake) diﬀer if the contact
method is CPT versus ADS (Charlet and Manceau, 1992;
Crawford et al., 1993; Waychunas et al., 1993; Karthikeyan
et al., 1997; Karthikeyan and Elloitt, 1999). The diﬀerences
or similarities are often assumed to be caused by the atomic
environment in which the trace metal is associated with the
host material. Diﬀerent mechanistic explanations have been
oﬀered:(1) Separate Pb phases, perhaps as a result of local high
pH during titration, were precipitated during the
CPT experiments and the Pb phases are mechanically
enveloped by iron oxyhydroxides (Schroth, 1994);
(2) CPT represents enhanced surface area or site avail-
ability (Corey, 1981; Crawford et al., 1993; Karthike-
yan et al., 1997);
(3) CPT represents a greater binding strength (having
multiple surface site types) over a simple precipitate
surface (ADS having a single surface type) (Taylor,
1973; Crawford et al., 1993); and
(4) CPT represents solid solution formation by heavy
metal incorporation into the hydrous oxide lattice
(Karthikeyan et al., 1997; Martinez and Mcbride,
1998).
For the ﬁrst hypothesis, our HRTEM observations have
conclusively ruled out the presence of segregated high Pb
concentration phases either inside the iron oxyhydroxide
phases (occlusion) or at the edges or surfaces of these
phases at the time of examination (surface precipitation).
For the second and third hypothesis, geochemical modeling
showed that increase of the strength of the binding constant
and surface areas ﬁt CPT sorption edge data well for the
two relatively low Pb:Fe ratio batches (Fig. 13).
At high Pb:Fe ratio and after about two weeks aging, our
companion EXAFS study of Pb–Fe coprecipitates collected
fromBatch E at pH 5.25 showed that Pb formed a solid solu-
tion in the Pb–Fe coprecipitate (Kelly et al., 2008). The con-
clusion was based on the co-reﬁnement of the Pb LIII-edge
and the FeK-edge EXAFS spectra with the same local atom-
ic environment. The larger atomic size of Pb as compared to
Fe was accounted for in the model of the FeO6 sheet struc-
ture by displacing the PbO6 unit perpendicular to the sheet
by 0.30 ± 0.02 A˚ from the FeO6 unit position.
A dynamic coprecipitation process may explain various
lines of experimental data. HRTEM observations show
that Fe3+ ﬁrst precipitated out as nano-particles of 2–
3 nm in diameter at pH around 3–4. At one pH unit higher
(4), Pb2+ started to be adsorbed onto these nano-parti-
cles. The initial adsorption explains the pH spread between
Fe3+ (Fig. 4) and Pb2+ (Figs. 1 and 2) removal from the
aqueous solution, and the observed sorption pH around 4
for both CPT and ADS experiments. Access to smaller
incipient particles with larger speciﬁc surface areas during
the CPT experiments provides an explanation for the more
eﬃcient removal of Pb2+ in CPT than the ADS contact
method.
The 2 nm 2LFh particles are not stable, and the coales-
cence to more stable 6 nm particles is completed within
minutes (Shaw et al., 2004). Lepidocrocite of size 200 nm
was also formed. The sample examined with EXFAS by
Kelly et al. (2008) showed 40% 2LFh and 60% nano
lepidocrocite.
During the coalescence process, Pb2+ was trapped with-
in the iron oxyhydroxide structures and, at high Pb:Fe
ratios, part of Pb2+ formed Pb–Fe solid solutions. A
2 nm 2LFh particle has only 32 unit cells, and about
58% of Fe are on the surface (see Appendix A). Structure
relaxation due to surface eﬀects is great. Desorption of
Table A1
Calculations of fraction of Fe atoms on the surface in a ferrihydrite structure.
Domain size (nm) Unit cells Dimension (nm) Total Fe atoms Fe at surface Fraction on the surface
2 32 2.4  2.4  1.8 320 184 0.58
6 700 6  6  6.3 7000 1414 0.20
Pb–Fe coprecipitation 4559Pb–Fe coprecipitates with EDTA show Pb2+ was not only
bounded in the outer layers of 2LFh.
Commonly, ferrihydrite is the ﬁrst phase to be precipi-
tated from an aqueous Fe3+ solution. Ferrihydrite is meta-
stable, and over time, ferrihydrite is transformed to more
stable phases (e.g., goethite and hematite) (Cornell and
Schwertmann, 1996). The Pb–Fe coprecipitates were trans-
formed to goethite and hematite in the simulated aging
experiments. Compared with control experiments on Pb-
free 2LFh, the transformation was retarded. Desorption
experiments show that the Pb2+ incorporated into goethite
and hematite from the coprecipitation experiments are
more stable than goethite and hematite transformed from
adsorption experiments because some Pb2+ in the former
case reside in the interior of the iron oxides. Therefore,
our data suggest that CPT contact methods result in more
permanent removal of Pb2+ by iron oxyhydroxides in the
environment than that of ADS contact methods.6. CONCLUDING REMARKS
Our sorption experiments have demonstrated little
ambiguity that coprecipitation and adsorption contact
methods have produced diﬀerent behaviors of Pb2+ uptake
by nano-particles of iron oxyhydroxides. Whether or not
CPT and ADS can represent a more permanent sequestra-
tion of toxic metals from the environment is an important
question. The answers to this and similar questions for
other metals have consequences for remediation strategies
and for predictions of the migration behavior of metals that
coprecipitate with oxyhydroxide minerals in a wide range of
settings.
However, substantial amounts of microscopic and spec-
troscopic work are necessary to further diﬀerentiate the up-
take mechanisms, e.g., surface complexation or solid
solution formation. These work are tedious and resource
intensive. Only through systematic examination of this
metastable and dynamic system, we can fully understand
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of the titration experiments.APPENDIX A. SIMPLE CALCULATIONS FOR FE
ATOMS IN FERRIHYDRITE STRUCTURE
Michel et al. (2007a) presented a model for ferrihydrite
with the hexagonal space group P63mc and a unit cell with
average dimensions of a = 5.95 A˚ and c = 9.06 A˚. The
chemical formula is Fe10O14(OH)2. Ostergren et al. (2000)
suggested six possible bonding geometries for adsorption
onto goethite. Ponthieu et al. (2006) indicated that a consis-
tent description of proton and metal ion binding is possible
for goethite and HFO. We used the CrystalMakere to con-
struct the 2-nm (4  4  2 unit cells) and 6-nm domains
(10  10  7 unit cells), assuming ferrihydrite particles are
perfect periodic stacking of unit cells and ignoring disorder
and defects (e.g., stacking faults) of the structure. The num-
bers of Fe atoms are directly counted visually. We calcu-
lated the fractions of Fe atoms at the surface versus total
Fe atoms in a 2 and 6-nm ferrihydrite particles
(Table A1). A 2-nm ferrihydrite particle has 58% of Fe
atoms on the surface while a 6-nm particle has 20%.
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